Introduction
Styles of deformation imposed on rocks during tectonism depend significantly upon the mechanical properties of the minerals contained in them and upon the variations of these properties with temperature, confining pressure, and nature of deviatoric stress. Muscovite and biotite are nearly ubiquitous minerals in diverse igneous, metamorphic, and sedimentary rocks of the continental crust, and because of their low resistance to shear compared with other minerals they are likely to play an important mechanical role in crustal deformation [Kronenberg et al., 1990] . Moreover, the flexible layer structure of micas accommodates a wide range of compositional variation [Speer, 1984; Guidotti, 1984] , which must account in some way for the differing kinetic responses of micas to deformation observed both in nature and in the laboratory [see Wilson and Bell, 1979; Kronenberg et al., 1990; Mares and Kronenberg, 1993] . Despite careful microtextural observation and experimental methodology, however, as noted by Mares and Kronenberg [1993] , these independent studies of mica deformation have yielded conflicting strength-composition relationships between muscovite and biotite. Specifically, deformational microtextures in metamorphic tectonites indicate that biotite is more susceptible than coexisting Copyright 1996 by the American Geophysical Union.
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0148-0227/96/96JB-00326509.00 muscovite to deformation [Wilson and Bell, 1979; Bell et al., 1986] , as well as to fluid-mediated dissolution/neocrystallization, and solid-state recrystallization. Also, in many mylonite-bearing fault zones, muscovitic "mica fish" are preserved whereas accompanying biotite is highly deformed or recrystallized (C.J.L. Wilson, personal communication, 1995) . In contrast, shortening experiments conducted on single mica crystals over a wide range of temperature and confining pressure show quite convincingly that muscovite is mechanically weaker than biotite under comparable experimental conditions [Kronenberg et al., 1990; Mares and Kronenberg, 1993] . We believe that resolution of this conflict is possible given a crystal-chemical framework for understanding relative mechanical strength data for micas. Accordingly, our paper presents such a framework, which, supported with new microprobe data, offers a way to predict mechanical strength of common K micas in nature according to their composition.
Some Aspects of Mica Crystal Chemistry Bearing on Kinetics of Processes
The crystal-chemical treatment developed below presumes that interlayer-site energetics of micas exert the dominant kinetic control on various natural processes, including volume diffusion and basal slip. This suggestion is well supported by available data. For example, the relative weakness of interlayer K-O bonds in the overall mica structure [Vaughan and Guggenheim, Interlayer volume and element-partitioning data for coexisting micas [Dahl et al., 1993; Dahl, 1996 ] are consistent with long-known crystallographic data (summarized by Bailey [1984] and Giese [1984] ) in pointing to a more open interlayer for OH-biotite compared to muscovite. Collectively, these data support the conclusion that the mean interlayer K-O bond of OH-biotite is longer/weaker than that of muscovite. Hydroxyl groups in biotite are oriented subnormal to the (001) plane such that H + is projected into the interlayer cavity where K + resides; in muscovite, however, hydroxyl H + is directed subparallel to (001), into the octahedral vacancy [Serratosa and Bradley, 1958; Giese, 1979 Giese, , 1984 ] (see also Figure 1 ). Thus K+-H + repulsions in OH-biotite serve to weaken its interlayer bonds relative to those in muscovite (following the suggestion of Bassett [1960] in a weatherability study of micas), thereby also lowering the activation energy (and raising the probability) of bond breakage or stretching during basal slip or volume diffusion, respectively.
The 
Analytical Methods
Analyses of the "I Mondei" biotite studied by Wilson and Bell [1979] were obtained using a Cameca SX50 electron microprobe located in the Department of Geological Sciences, Indiana University, using an accelerating voltage of 15 kV and a beam current of 10 nA. Natural minerals obtained from the Smithsonian Institution and the U.S. Geological Survey (USGS) were used as standards. Given the special importance of halides to this study, well-characterized fluorphlogopite and scapolite were used as F and C1 standards, respectively. To avoid interference on F analyses from the nearby Fe Lc• peak, background correction was performed with only one point (on the positive side of the F Kc• peak) which was then projected under the peak. This procedure maximized the accuracy and precision of F analyses. All analytical data were reduced using the correction scheme of Pouchou and Pichoir [1984] .
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Comparative Crystal Chemistry and Mechanical "dimples" the (001) slip planes and (2) The micas studied by Wilson and Bell [1979] are from a sheets, respectively. Accordingly, we infer -10% less T/O strongly deformed quartz-feldspar-muscovite-biotite tectonite misfit and -3 o less a rotation of SiO 4 tetrahedra in the Silver occurring at the Cava di Mica quarry, "I Mondei" pegmatite, Crater biotite relative to its "I Mondei" counterpart, judging from near Villadossola, Italy. Primary biotite occurs as coarse, highly refined structures of micas of comparable F, Mg/Fe, and A1 deformed grains in ultramafic xenoliths in the pegmatite; much content (i.e., mica specimens 3 and 1, respectively, of Cruciani finer-grained, unstrained metamorphic biotites overgrow the and Zanazzi [1994]; compare Table 1 
Muscovites
We also propose that muscovite strength, both in nature and in the laboratory, is largely unaffected by halide substitutions for two reasons: (1) ' Wones, 1963] . Second, F-phlogopite is more resistant to weathering than OH-phlogopite [Deer et al., 1963] . Third, as noted earlier, the electrostatic energy required to separate mica layers to normal spacing is -33 % greater for F-phlogopite than for OH-phlogopite [Giese, 1984] 
Kinetics of (001) Dislocation Glide in Micas
Although we have argued that K-O bond strength is rate limiting to dislocation glide in micas, it has been pointed out that glide kinetics also involve elastic distortions of the structure, both between dislocations and perhaps even beyond the actual interlayer dislocation core itself (see Kronenberg et al. [1990] ; Mares and Kronenberg [1993] ). Accordingly, Kronenberg et al. and Mares and Kronenberg have interpreted their relative mica strength data in terms of inhibited elastic distortion (and thus glide) in trioctahedral micas relative to that in dioctahedral micas where one out of every three octahedral sites is empty. We have no objection to this argument on strictly mineralogical grounds. However, it fails to explain the conclusions regarding relative strengths of muscovite and biotite drawn by Wilson and Bell [1979] from microtextural observations. In contrast, our K-O bond strength model for micas reconciles and validates both the microtextural and the experimental relative strength data sets, which otherwise appear to be contradictory. Moreover, the fact that the brittle trioctahedral mica clintonitc yields by far the highest mechanical strength (Q=230 ld/mol) of all micas thus far tested [Kronenberg et al., 1992] attests to the paramount importance of the interlayer bond strength per se, in this case that of the Ca-O bond. Indeed, we suggest that the very high mechanical strength of clintonitc derives not so much from elastic consid-erations, but rather more from (1) the divalence of its interlayer Ca (compare the + 1 charge of K in the true micas), and (2) its smaller average cation charge in the tetrahedral sheet (i.e., A13Si= + 13, versus A1Si3= + 15 for an ideal true mica), which renders basal oxygen layers somewhat more negative. Collectively, these effects shorten and strengthen the interlayer bond such that interlayer separation is greatly reduced (i.e., to 2.7-2.9 3, [see Guggenheim, 1984] ).
Much lower in interlayer bond strength and mechanical strength than clintonite are the F-rich, trioctahedral K-micas (Q=82-100 kJ/mol), followed by the nearly F-free muscovite (Q-47 kJ/mol), as cited above. Our synthesis predicts that the OH-rich K micas common in nature are even weaker than muscovite (i.e., Q<47 kJ/mol).
Conclusions
Understanding how the mechanical properties of rock-forming minerals depend on P-T-X conditions is fundamental to constraining the rheological behavior and mechanical stratification of the Earth's crust. We have invoked basic crystal chemistry to resolve conflicting strength-composition relationships observed within a very important mineral family in the crust [compare Wilson and Bell, 1979; Bell et al., 1986; Kronenberg et al., 1990; Mares and Kronenberg, 1993] . In so doing, we have provided a simple framework for understanding and predicting mica strengths based upon composition. Our model is readily testable with appropriate choice of starting compositions for strength experiments, although we recognize that obtaining specimens of desired composition that also meet experimental size requirements is a serious obstacle. Nevertheless, our study highlights the practical need of geologists that experimental work be performed on mineral samples whose compositions mirror those commonly encountered in nature. In particular, we emphasize the importance of isolating individual effects on strength attributable to the reduced interlayer separation and concomitant "sinking in" of K arising from reduced T/O misfit, K/Na ratio, and OH/F ratio, etc., in micas [e.g., see Guidotti et al., 1992; Cruciani and Zanazzi, 1994] . Until such experiments can be performed, however, our strength-composition model for micas may assist geologists in applying existing strength data on F-rich micas to the F-poor varieties more commonly observed in nature. Whether parallel considerations also extend to other rock-forming, multicomponent mineral families (e.g., the amphiboles) remains to be investigated.
